Mercury vapor induces ethylene formation and abscission in Citrus and Coleus explants. Both responses are markedly greater in the absence of CO2. The stimulation of these metabolically complex processes indicates that the action of mercury vapor is not consistent with the more popular conception of mercury toxicity. This was manifested in its complete failure to disturb respiratory gas exchange, and in the total absence of any necrosis. Accordingly, the effect of mercury appears to be highly speific. The overal significance of these findings is discussed with respect to physiological, environmental, and methodological aspects.
Recently it has been reported that mercury enhances abscission in explants of Coleus blumei (14) . Although some evidence for the participation of ethylene was obtained, a better understanding of the causal relationship between the effect of mercury on abscission and ethylene evolution was necessary. Mercury has been identified as an important toxicant associated with the burning of fossil fuels, the release of industrial wastes, and the use of agricultural chemicals (7) . Our observations with Coleus raised the question as to the potential hazards that excessive release of mercury into the environment might hold for premature abscission of cultivated plants. Mercury and its compounds are well known poisons, but the phytotoxicity of these substances has not been well studied or characterized at the physiological level. It is known that mercury in its various forms can act as a potent and long lasting inhibitor of cell division, extension growth, and various differentiation processes such as root initiation and leaf expansion (13) .
Our objective in the present study was to determine whether or not mercury-induced abscission is mediated by the well known effects of ethylene (1) . Citrus explants are a sensitive and reliable system for the study of the physiological activity of ethylene, and the performance of this material has been well characterized in this laboratory (5, 10) . Accordingly, Citrus explants were chosen for the present study as the major test system, with the inclusion of Coleus so that the general nature of the phenomenon could be established.
MATERIALS AND METHODS
Plant Material. The experiments were carried out using either explants from 2-month-old Coleus (Coleus blumei L.) plants or from 10-to 12-month-old Citrus (Citrus sinensis L. Osbeck, cv. Shamouti) leaves. Two to 3 subapical nodes were excised from each branchlet of the Coleus plants. The leaves were debladed and each explant consisted of a 2-to 3.5-cm long internode and two petioles, 0.7 to 1.5 cm long. The citrus leaf explants were prepared as described earlier (5) leaving 1-cm-long sections on both sides of the abscission zone between the petiole and the blade.
Experimental. Twenty explants were arrayed on a Saran screen in 600-ml chambers lined with moist filter paper. These containers were tightly sealed and, when needed, two vials containing 1 ml each of 40% KOH with a filter paper fan (8 cm2) were also included to absorb CO2. Preliminary tests by gas chromatography showed that no CO2 was detectable under these conditions. The treated explants were exposed to Hg vapor which originated from 0.5 to 1 ml of Hg metal (redistilled, analytical) contained in two small vials which were also placed into the 600-ml containers. Within 1 hr under our experimental conditions, a calculated air saturation level of 0.007 ,umol/l of Hg gas was obtained (6) . The containers with the explants were kept in the light (Coleus) or in the dark (Citrus) at 25 + 1C for the desired incubation period. When needed, 10% CO2 was injected into the containers at zero time. Care was also taken not to vary the internal pressure of the containers. Two and 0.5 ml of air were sampled in replicate from each container for the analyses of ethylene and C02-02, respectively. Ethylene was analyzed by means of a Packard (Model 7400) gas chromatograph, equipped with an alumina column and a flame ionization detector. Carbon dioxide and 02 were analyzed by means of GOW MAC Instrument Co., Madison, N.J., (Series 550) gas chromatograph.
After analysis, containers were opened and the percentage of abscission and fresh weight of the explants were recorded. Each experiment was repeated four times and consisted of three replicates for each treatment and incubation period.
RESULTS
To establish that Hg vapor does not give a response similar to ethylene in the gas chromatograph, air samples from controls, empty containers, and chambers which contained Hg alone, Hg with either Citrus or Coleus explants, or only ethylene standards, were injected (Fig. 1) trated by the action of cycloheximide on orange fruit peel, a case in which ethylene is also induced (9) .
The effect of Hg on the abscission in Citrus explants in the presence and absence of CO2 is depicted in Figure 2 . Since experiments were done in a closed system, it was necessary to determine whether the mercury effects (compare Figs. 2 and 3) were caused by ethylene formation and/or by the known interaction of ethylene and CO2 (4). Figure 2 shows the results obtained with or without 40% KOH in the system. It is evident that Hg markedly induces the abscission even in the presence of CO2 when KOH is absent. In the presence of CO2 no abscission was detected for 10 hr after excision but after 20 hr a significant increase in abscission due to Hg was detected. The differences in the kinetics of abscission between the controls without Hg and Hg-treated explants increased markedly in the course of the experiment. Forty-six hr after excision only 53% abscission was detected in the control, while 96% abscission was already detected after only 26 hr with the Hg treatment.
In the presence of KOH, where CO2 is completely eliminated from the system, the rate of abscission of the Hg-treated explants had a similar pattern as in the presence of C02, but the abscission started much earlier (6-12 hr after excision) and reached 45% 10 hr after excision, whereas almost no abscission was evident 12 hr after excision in the presence of CO2. It is noteworthy that, while the rate of abscission of the Hg-treated explants was somehow slowed down in the presence of CO2, the opposite was true in the absence of Hg. These explants reached a much higher level of abscission in the absence of CO2, and 85 % had abscised after 50 hr.
The concomitant effect of Hg on ethylene evolution is presented in Figure 3 . Although it is known (3, 10) that excision itself induces ethylene formation to a certain extent, increased ethylene evolution in the presence of CO2 and absence of Hg was detected only 22 hr after excision. The level of ethylene increased gradually thereafter. The presence of Hg enhanced the increase of ethylene formation which at the end of the experimental period was 3 times higher than without Hg. The most dramatic results were obtained in the absence of CO2. Ethylene production by the explants in the absence of Hg was similar to the Hg-treated ones when CO2 was allowed to accumulate in the system, whereas a tremendous increase in the induction of ethylene formation by Hg was detected in the absence of CO2.
The results at this point led us to examine the changes in CO2 and 02 in our system to better understand the presented Hg effects. We repeated the experiment presented in Figure 2 , and the changes in CO2 and 02 in the chambers during the experimental period were analyzed. Figure 4 shows that 3 hr after excision the level of CO2 increased to approximately 0.3% and a steady increase to around 5% occurred after 50 hr. During the same period, the 02 level fell from 21 to 15%. Although ethylene action is 02-dependent (2, 4, 12), a decrease of this magnitude is not sufficient to retard the ethylene effect. No effect of Hg on either the consumption of 02 or the evolution of CO2 was detected.
To evaluate further the nature of the C02-Hg interaction on the Hg-induced ethylene formation and abscission, we added 10% CO2 into the system at zero time, so that the CO2 level would be high from the beginning-a situation known to produce competitive effects toward ethylene (4). The amount of ethylene produced under these circumstances and the per cent of abscission were recorded 50 hr after excision (Fig. 5) times higher than that found in the controls. Ethylene accumulation in the control was linear while in the presence of Hg the curve was sigmoid in nature. It is noteworthy that in general the level of ethylene in the Coleus experiments was much lower than in the Citrus experiments; the effects of Hg on the ethylene formation were similar in both species. The effects of Hg on abscission could be observed as early as 10 hr after excision and the rate in the Hg-treated explants was much more rapid. After 53 hr only about 55% abscission was found in the control while the treated explants had reached 98% after 46 hr.
DISCUSSION
In the work carried out in Hawaii (14) with Coleus, tentative evidence for the participation of ethylene in abscission was based upon the reduction of the Hg effect by CO2 and 1-naphthaleneacetic acid, and by gas chromatographic measurements of an increased ethylene release from explants when Hg vapor was present. The effects of CO2 and 1-naphthaleneacetic acid on ethylene genesis were not tested; however, the all-important question of kinetic relationships between Hg-induced abscission and Hg-induced ethylene production was not examined. The interrelationship between Hg and CO2 on ethylene evolution had still to be evaluated further.
In the extension of these preliminary observations, special attention was given to the question of whether or not Hg vapor interferes with the physical determination of ethylene. Our data ( Fig. 1) clearly show that no such interference occurs. We conclude that an exposure to Hg of the experimental materials enhances both ethylene formation and abscission. The two species tested responded similarly, which is noteworthy because of their markedly different capacities for ethylene production. In Coleus a rise in ethylene level precedes the onset of abscission. This relationship holds both in the presence and absence of Hg. In the case of Citrus, the rise of ethylene seems more closely timed to the onset of abscission; perhaps this indicates a species difference in sensitivity or reflects differences in experimental conditions.
In view of the extensive literature (3, 8) linking ethylene production to injury in plant tissues, we assumed in the early stages of this work that the Hg effects described here reflected its pare Fig. 2 and Fig. 5 ). The addition of Hg into a system containing high levels of CO2 almost tripled the per cent of abscission; only 70% abscission was recorded 50 hr after excision. Without C02, the control explants behaved as shown in Figure 2 , and the same was evident for the Hg effect. The main conclusion of this experiment was that if a high level of CO2 is already present at the time of excision, it will retard the rate of abscission (2), and it is also able to reduce to some extent Hginduced abscission. Figure 5 also shows the effect of CO2 on the Hg-induced ethylene evolution. In the presence of high CO2 levels, the control explants produced the same amount of ethylene, as found earlier (compare Fig. 3 to Fig. 5 ). However, Hginduced ethylene formation was decreased in the presence of high CO2 level by approximately 66%. The results from explants without the addition of CO2 were similar to those obtained in the previous experiment (Fig. 2) . Thus, CO2 interacted with the Hg effect and reduced its induction on ethylene formation.
Results in Figure 6 depict the effects of Hg on ethylene formation and abscission of Coleus explants. In Coleus and Citrus, both in the controls and in the treated explants, ethylene formation preceded the beginning of abscission. The effect of Hg on ethylene formation could be detected as early as 5 hr after excision but became progressively more significant. At the end of the experiment, 53 hr after excision, the formation of ethylene resulting from the presence of Hg in the incubation system was general phytotoxicity. It is accepted that nonspecific injury to plant tissues, whether brought about by physical or chemical means, is accompanied by disturbances in respiratory gas exchange. The failure of Hg to bring about any measurable effect on the gas exchange of Citrus under test conditions which caused elevated ethylene production and abscission prompts us to suggest that its effects in this system are specific. The manner in which Hg acts specifically to enhance ethylene formation is obviously a subject of importance for further study in terms both of general physiology and the process of abscission.
In the experiments that have been carried out thus far, we have chosen to work only with Hg at air-saturation levels. Hg equilibrates rapidly (about 1 hr at 25 C) in closed systems when an excess of the liquid metal is present. The necessity for a closed system in our experiments carried with it the problems of CO2 accumulation. Most important in this study was the competitive interaction between CO2 and ethylene (4), and our experiments were designed to include this interaction. Citrus tissue, relatively richer in Chl than Coleus, was used experimentally in darkness to avoid light effects. The initial findings that Hg induces ethylene formation and abscission in the presence of increasing levels of endogenous CO2 (Fig. 4 ) left open the question as to whether or not the Hg effects as observed were maximal. By eliminating CO2 from the system, we did obtain much more dramatic effects (Figs. 2 and 3 ). During the first 3 hr the level of CO2 in our system reached 0.3%. Although CO2 appears to be relatively low, a similarly low level of ethylene formed promptly by excision (Fig. 3) opened the possibility that ethylene-CO2 interactions might reduce the Hg effects. To clarify this question two experimental approaches were employed. In the first, CO2 was completely absorbed from zero time, and in the second, a high level of exogenous CO2 was injected into the closed system at the beginning of the experiment. Thus, we either worked in a C02-free system or at a constant high level. Overall, these two alternative procedures were fully consistent with and supported by our previous findings (compare also Figs. 2, 3, and 6 with Fig.  5 ).
This study is significant in three major aspects, namely in physiological, environmental, and methodological terms. Many investigators (13) have sought to interpret the potency of Hg as a general cellular poison on the basis of its well known reactions with the thiol groups of proteins (13) . However, certain specificity of Hg effect on ethylene formation could result from the role of the thiol groups in ethylene-producing systems (1) . Although there can be no question about the inhibitory activity of Hg compounds toward a wide array of enzymes in vitro, this phenomenon can in no way account for the Hg effect both in abscission and ethylene production. Not only does Hg vapor fail to suppress metabolic activity, but instead stimulates ethylene production and thus permits the ethylene-induced synthesis and action of cellulase and polygalacturonase to proceed (10, 11) .
Most of the toxicological data concerning Hg involve its compounds and derivatives. The unique feature of this study and the basis for the selectivity demonstrated, lie in the application of the element itself as a gas.
The salts and alkyls of Hg are most often cited as responsible for its hazard as an environmental contaminant (13) . Nevertheless, a role for the element itself is indicated by its presence in natural thermal emissions, direct formation from salts by some microorgansisms, and its presence among the highly reducing products of coal burning (7) . Thus, Hg elemental itself must be taken into consideration when attempting to relate plant damage to environmental toxicants.
Another important facet of this work is the observation that an abscising system may serve as an excellent and unique model for studying Hg toxicity expressed through ethylene production. It has already been observed that Hg effects coloration in banana and that this occurs most likely through ethylene production (14) . Therefore, we propose that those processes, which are known to be mediated by ethylene, such as fruit ripening (8), may be considered as indicators for the presence of environmental Hg down to levels of 1 ,ul/l and perhaps less.
